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Field of ffae Inventioii 

The presort inv^oa ndate to iaea«^ and airangement. in NucX^Magnetic Resonance 
(NMR) spectroscopy, and in particntoriy fbrmeflaods .rtili,i^g3^specto>sa^^^ fo, 
a sample ^ch is hyperpolarized ia o«ler to enhance fte strei^ of the NMR signal 
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Backgroancl of the fioiveution 

n«g«rtc Resonance (NMR, b an <u,d,ticd te^^ 
ni=a« « !a= ana acvdoprnsiB fia pat &w 

ma«=rpl^ ^ ^ ^ ^ ^ ^ 

««.«v«dve to^ „..a«»l xcfe^d to » kfagnrtc 

■-*™«u»l«>dphyrfcaln.ea«,d^■^g.F„nrtarlVana^ . 

into fta NMR anal^ 
"MUiieas and to lie able to BxpUne novel aiMs. 

Ito pbcnon«n.. ^ i3 ^NMR ^ ^ ^^^^^ 

™a^«^arW^ a^oagnafic ««o ian«te4 c^^daOyiorb^p^ip^ „ 

mo» ad.^ NMR and,^ ..^ .,,,,.ahn=a«»a. 

gtvan to tte prObtaa of Ite idativajy low aenailirtor of 4c NMR teSmiqne. Signifi«m 

— ln»a b«n adtfvad by tha inttodacSon of toahd^ fcr hjp^pol-iatfon of a 

™ n. fl» oaae rfMn d» a« of iyp^larizad contn« ag«tt. Tic tem 
lwopol.ria.ion torafte » aatnoK,,, node, 

«al3r«s W teon givan » „„,fc„ spfap^tartan'^ ^ popnMon afltonce betwoan 
tba gronnd B,d oxdled atataa is g,«ler ti«nim (to a,pnHbnnm di^^ 
Hypaflpo.«iz«lon may be «Wo«d by a .„.nb. of meftoda known i„ a,, ^ p.^^^, 
u«««angn«d™buBtoDynanriariNaclcarPoW^^ 

Su^aemoda a« disolosad in toa^nnpla WO 99/35508 and WO 01/9S895. by fl„s«ne 
WboaM as in a„pr=satfp«o« application. DNP n>echanian» inohda ae 
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the so-called $oIid effept and thermal TniyfTis GfSecL Hxe Overhaxiser e&ect is a relaxation 
drivQD process thpt occurs when the electron-nucleus injCeractioii is tim&-depeadent (due to 
thennal xaotion or reldTcation effects) on the time scale of the inverse electron LamuKr 

■ 

fiiequency or shorter, ^ud when the electronic spins are saturaited by a strong roicxowave 
5 irradiation. Electron-nuclear cross-rdax^on ri^ults in an exchange of CTiergy with the lattice 
giving rise tp gix emhanced micl^r polarisation. The overall enhancement depends on the 
tdative str^gth of the scalar and dipolar electron-nnclear interaction and thexoicimvave 
power. For static systetns both theamal mixing and the solid eflfect are op^paiive. In the solid 
efifect, the electron spin system is irradiated at a frequency that cocre^onds to the sum or 

10 difference of die dectrooic and nudear Lazmor jGrequencies. The nuclear ZcCToan reservoir 
ahsocbs Of emits the energy diSeraice aad its spin tezxperature is modijSed, resulting in an 
eDhaaced nuclear polarisation. Tha efficiency depends on tte transition probabilities of 
otherwise fhrbidden tcansitions that are allowed due to the nnxxng of nuclear sMes by non- 
secular terms of the electron-miclear dipolar intera^ction- Thermal mixing arises when the 

15 elcctron-electrpn dq>olar reservoir establidi« thermal contact with the nuclear Zeeman 
reservoir* This takes place when the characteristic electronic resonaace line width i^ of the 
order of the nuclear I.ainior jfrequency. OfiTresonance iixadiation of the electronic spins 
results in a coolmg of the electronic spin-spin- thermal reservoir and, through tbewoal contact 
of &e latter with the nuclear Zeeman energy reservoir via the electron-nuclei interacttons, the 

20 suclesr polaii^aticii is enhanced. Fpr themxal mixing both the forbidden and the allowed 
transiticms can be involved. 

The method of hyperpolatization, or in the case of MRX> the ii$e of a hyperpolarised contrast 
agenty has been shown to dramatically enhance Che signal recorded in the NMR analysis. This 
has been utilized in performing measurements that has not been possible with non- 
25 hyperpolarized sample^^ to lower the amount of sample needed for the analysis and to, in 
certam applications, dramatically shorten the measuxemept time ni^ed for an analysis. 

Thus, hypeEpolarizatifin, through DNP or oths methods^ offers a way of inmproving the 
sensLixviiy of :NMR applications. Howev^, the hypeipolaxizatipn does put certain 
lequiremeats an how the sample is treated and how the ISMR spectroscopy i$ performed. 

30 One requirement arises from the condition that the hypeipolaiization r^reseni a highly non- 
equilibrium thermodynamic state* i.e. a hyperpolarized sample is not in thermal Bquilibrium. 
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This will caase a xdaxatuan of the spin qisf^^ 

longitudinalielaxatiOT. chatBcterized by a parameter, T;, th^ longitudinal t^axation time. 

This is a ificogmzed problem and measures may be taken to choos* NMR active nnctei yrit 
.comparably long and to furlfaerieduce the rela>cation rate, for esraiple, a$ taught in WO 

0196895, by the same ^,plii»nt as the pieseat iavention. Even if sudx kuown measures are 
taken. It 15 ofhighest in^rtonoe to petfiwn IJie NMR analysis immediately, or as soon as 
possible, after flie hj^etpoliiization. This is addressed by the ^Kcations WO 0237132 
WO 0236005. by the same ^licant. ^ ^ hereby incorporated by ,efe««:e: ia addition 
the NMR aoaly^ must be relatively quidc in ord« to be able to be perfbpned wEthin the 
ida^tion t.„e Tj of the NMR active nuclei. Tbis is a problem in more advanced uses of 
m^R, for exan^e 2D Nl^ and difiudon studies, ,^.r^ tbe NMR 

known^dstypicanytdcestooloostobeusedfeahyperpolarizedsamp^^^ • 
lUnstiated in flat a standani 2D NMR study can take hom* to pe^ 

byparpolari^ation at ambi^ temperature typically has a mudt shorter relaxation time ftan 

Inal. 

Comparably r^id advanced NMR methods have r^iently been suggested, for exampb as- 
described in "Ibe acquisition of multidimensionaJ .NMR speCxa ^thin a single scan" by JL 
Fiychnan et al. Prac. NatL Acad. Sd. 99:1585g-62, Dec 10. 2002. Ibese metbods represent 
ma,or m^rovemeots regarding measOrcmcnt time, but have the d^ack of poor signal-, 
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A further requirement when using hyp«polarized san^^le arise^fiom the fact that the rf- 
pulscs typicaUy used in the NMR spectroscopy themselves a«eet the hypa^ian^ation. Many 
icno^ sequences, wilLifusedonahype^Iariaed sample, not be able to make use of the 

increased signal strengQi possibly afforded by the hypeipolarizatian. 

Tbe requirements associated ^tb the use of bjpe^olari^ed samples may be sammari2ed as: 

-^^e time constraints given by the kmgi,^ relax^^^ 

- the NMR q,ec1roscppy must be designed to avoid erasing information affi>rded by ihe 
hypctpolarization of the stoigple. 



30 f None of the prior art methods meet Ihese 



requuemextis. 
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Smaxnary of the inytnUm 

The objective problem is to provide a method of NMR spectroscopy Uiat i«es pulse sequaices 
tiiai efiectively make use of the increased signal streagth affoided by a hyperpolarized 
5 san:^le,espe«aDyasanqileiypetpolari2»dwithaDNPnwai^ 

lbs ptabl&a is solved by flie methods as defined ia the indepeadem claim. Furtb^r iaproved 
methods have the features meotioaed in flie depeadent claims. 

The method of pecfonmng Nuclear Magnetic Resonance (NMR) spectroscopy acccrffing to 
ifae invention oomprises the st^s o€ l^erpolarizmg a sample using DNP, wherein the NMR 
active nncJa x^i^ve hypeipolarization: perfomung NMR spectroscopy an the san^le with 
the nse of sequences of rfpnlseg. wherein the puke seqneoees comprises at least two rf- 
puises. ei&er on the same nndei or on diflEferent nnclei. and wherein the pulse sequence is 
adapted fbrahypeipolarized sample, whertiq^ at leasttwo ^ 
aiJalysing at least two of The NMR spectra to obtam a d^racterization of the sample, or to 
obtain an interim result to be used in the NMR spectroscopy step. 

In one embodiment of the inventioin the pulse sequence is adapted to the hypetpolarized 
sample by using a single scan pujse seqaence in which one initial 90° pnbe is followed by a 
plurality of spin edio pulses. 



25 



M another ambodhnent of fhe invention the pulse sequence is adapted to the hypapolarized 
sample by using repeated ePKcitation pulses with small flip angles in order to maintain at least 
a portion of the hyperpolarization after the initial excitation pulse. 

M ferther embodiment of the invention the method is adapts for multidimeasional NMR 
spectroscopy, and the melfaod comprises: apulse sequence which comprises pulses followed 
by evolution periods. «iab!ing a mapping of a multidimensional tim^spaoe grid, in which the 
timepaiameters uxe modulated by differ^ coupling constant, and a subsequent analysis of 
the muHidimensionai time domdn data, winch analysis coa^prises a traaafomistion to 
frequeaacy domain di 
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Brief descilptlosi of the figures 
Ihe ^satacs and advantages of the present invcniion ouflined above are described more fiiUy 
below m the detailed description ia cojrjunction with the. drawiAgs where like reference 
numeisls refer to like demsnts throug^ioa^ in whidtx: 
Kg. 1 arb shows exaroples of NMR spectra obiaiofid in a first eoafaodi] 
iiEvenliQii; 

Eg. 2 a-^ is a schematic illustratioii of apulse sequwce acanding to 
the present invention; 

Pig. 3 a-b ilhistrates trajectories ia a two dhnensdonal space, used by the ptilse sequ^ce 
according to a third embodimeot of ^ present inventioiu 

Fig. 4 is a schematic aiustration of a pulse sequences accorfing to a fijurth einbodimeac of the 
pocesentioventiosa. 
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Detailed description of the iny«»1ioa 

JSmbodimeiits of the invention will now be described with lelenace to the figwes! 
The methods aeeotding to &e present invbntiOTi are suitable fer in vitro studies of a wide 
lange of samples, including, but, not limited to, the studies of atganic molecules, sadi as 
proteins. Wife methods according to the invention the sample may be digracterized in a 
variety of ways, inchiding but, not limited to. for exan^te, stmctmal analysis of the molecule 
measupemeat of diffusion coefEdenrs and measurement of dynamic properties. 
The san^le must ccmtain nuclei suitable for NMR. Le. nuclei with non^zero nuclear ^ here 
lefenred to as NMR active micleL Ebcamples of such nuclei conqjrise '^C, "P. 'V and/or 
»a In addition die findei shoold be suitable for the hyperpolarization process, in particuJar 
processes according to DNP. "c and are particularly suitable and "C the most preferred. 
Some of lite suitable nuclei have a nannal Sundance. wMch in certain ^Kcalion will suffice 
fer the NMR spectoscopy, for exanipte (1.1%). m other ^plications it may be 



ad'/anteseous to enrich the sample wife suitable NMR active nuclei Methods of enriching a 
sample with for €Kanq»le '^c are known in lie art A sample may contain more than One type 
of NMR activB nucIeL 

In the embodiments of the present invention the notations defining an^ of the applied fields 
refer to a rotating frame and are the notations commoidy used in the discipK^ 
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pluases '"pulse on c^gcbon", '^xilse on hydtogen^' .etc should be imdarst^L^ai^Eo fiequency 
pulse (ifpulse) wilb tibe fiequency Adapted to the nucleus and the staticmaty field as to 
cozrespoud to the Laxmor frequency of fhd nucleus. As appreciated by those skilled in the art 
c^tain variatton in rogles^ finequsoicies and pulse duration are acc^table and coxzunox^y 
5 e[7rpenenced in measurement equipmeaits. Hence, tenns such as "90** pulse*' should be 

interpreted as apulse gcv^ tibie physical effects on the spin system commonly associated with 
such a pulse. 

As stated above, and in contrast to the prior act methods^ an eSfective method of NMR 
spectroscopy utilizing hyperpolarized sasipl^ must be ds^gned to meet &e requjzements . 
10 imposed bytfae hypen)olari2ation. The methods accoKding to the invention are careiEuUy 

ad^ted to meet &ese requir ements and to fhlly take advantage of the szihancement in signal 
strength afforded by the hypespolarization. 

The methods accoiding to the present invmtion coniq^^ st^s of; 

* 

a) hypeipolaiizing a sample with DNP* wheiCTi the IMMR active nuclei receive 

IS hjperpolarizatLon;^ and trans&xm^on of the sample to a liqxnd state, for example by melting 
or dissolution; 

b) perfbrming T>iMR spectroscopy on the sample with the use of sequence of rf-pulses, 
wherem the pulse sequences composes a£ lea^ two xf-paises on the same nuclei, or on 
different nuclei^ and wherein the pulse sequence is adapted for a hypexpolwdieed sample 

20 leading to a phaialiiy ofHMR spectra being produced. 

c) anals^g at least two of die NMR ^ectica to obtain a characterizatiQn of the sample, or an 
interim result to be used in the HMR spectroscopy or a combination of other interim results to 
provided a diatactBrization of the sample. 

The stq7 6fhyp^Tpobaix$siort (a) may be pecf<»med with any known, or future, method of ' 
25 Itypejpolaiizsb'on based on DNP suitable for solid s^onples. Such methods are disclosed in for 
example WO 99/35508 and WO 01/96895 and in references thertdn. 

The second main step Qo) compiising NMR spectroscopy is the step where cpre must be taken 
to fiibSl the above stated requirements imposd by the hyperpolari^atfoxu Many pxicr art puLsc 
sequences use a plurality of 90" pulses and subsequent waiting periods to allow for 
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rauiagnetization and acqaisitjon. The 90° pulses typically flip all magaeii$atioii vectors into 
tlxe ttmsv^Q plaae, 3nd prior art s^uences using mote than one 90° pulse can not be used 
fer hyperpolaiized saxnples. The method according to the invention ^dditss this pioblem 
either by i^ing ^ g Trtg L e scan (one shot) pulse sequence in which as mucb in&nnation as 
possible is extract after an initial puke by the use of spin echo pul5e(s)^ or by nsing 
rqpeated pidses with ^mall flQ> angl^ in order to maintain as much of the lon^todinal 
hypezpoIaiizatiQTi ^ possible during the spectroscopy. Which of the two alteniafivs that is to 
be used is drtemnned by tiie intended w$e of the measurement and the charactmstics of the 
sample. As wffl be flQusttaied in the eoabodimente described bdow, it is not only the initial 
«£Iip»-pulse of a pvise sequence thai should be adapted finr ibe conditiiom set by the 
bypsrpolansed. sanqple, typically ibs ccnoqplete seqaence shonld be modified compared ta 
standaid sequeaces in cmder to foUy utilize fhe bypej^olazization. 



15 
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As previously discussed it is of inqnuiance not c^tly to keep tiie tixos Ibrthe actual 
measaremfiDt as short w possible^ but also to reduce as modi as possible tiie time betweem tbe 
lorp^polarizadon of the sample and tba taking ofthe measuremenrts by NMR spectroscopy. 
WO (0371 32 and WO 0236005. by die same applicant as the present invention, teaches 
methods of extremely r^id dissolntian and meltimg. respectively, of a hypeipolarizBd sample. 
A matoial (sample) is polarised in a strong magoetic jBeld in a cryostat and brought in 
solution* or aitemadvely melted, wWte stiU in the oyostat. Disclosed is also a method and 
appacatvs^ wherein the hypczpoldzisation and fhe NMR spectroscopy is performed in tbe same 
apparatus, and partly utilising the same equipment within fhe appai^tus, such as rf-coils. WO 
0237132 and WO 0236005 are hereby inchided in thepresent applicaiian by xeference. The 
method of mcWng a sample is of particular interest for the pr9$ent ajTplication. Tau^t in WO 
0236005 are methods of melting including usmg a diode laser for heating and hence melting 
the sample, bringing the sample into thermal contact with a compaxably waim liquid, and by * 
the use of an electncal heat eli^ent. M ord&r to preserve as much ofthe hypeipolarization a$ 
possible it is of iraportancs that fke melting happ^is on the timesGale of Ti. The procBS$ may 

also indlide by the following mefliods OTd airangemeots. or conibmations thereof: 

♦ 

- -A loop-gs^ resonator can be used for heating die sample. Xhis aHows diB san^ple to be 
jput at m a x i muTn E-field or masimuro B-fidfd at choice? 



- -The mictowave rcsonani structure can be used for both tJie D1>1P process and ibe meldi^ 
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— There can be a transport of the 5#tmple fiom the DNP ^ihancement position to the jnieltiiig 
position ^thiA fhe same oyostat; 

— The saxnple could have & coiidnctzve sm&ce to increase lo$$e$ Scorn currents; 

— Absoiibing dyes coxild be added to &e sanqple; 

5 A violet escofhennic chemical reaction cotdd be used to ^nerate heat for melting; 

— Melting and dissolvtum could be combined This could be advantageous in a dissoluticn 
situ an on; 

— ^fhrocs could be used to guide £he light; 

— Ac hi^ pressme the solid wiU became fiquid; 

10 — Focused light could be used (not necessarily ^ laser) for heating; 
^ Resistive heating through magneto- or electcoscalic energy storage; 

— Melting by welding (electrostatic di^chargie); 

— Moving the cold saxnple into warm area to provide heating; 

— Focused ultrasound as source of heat; 
IS - Nuclear energy as source of heat 

Temperature control could be used to maintaiu stable temperature; 

— Melting enables repetition of the experiment for e,g, 2D experiments. 

The method accordrng to the present invention conqisisiag the above-desc^ed main ste^s 
may be adapted in a large variety of ways to characterize the hyperpolarized sample in 

20 di£Eerent aspects. Such vaiiatLom include, but are uot fimited to» heteronuclear J-coupling 
cotirelation spectroscopy,, heteronudear shift cotEeladon spectroscopy, di&usion-weighted 
spectroscopy. These spectroscopy methods axe used to determine for example; connectivicy 
between coupled nuclei, scalar coupling (J-coupling) betweesx nuclei, reveal structural 
inftinnation about the molecules in the sample and to detemiine diffusion coefficients. 

25 Embodiments of the present invention eTcempli j^dng these analysis methods will be given 
below. 



006624:9. 14TApn^jD3-AgS:.09;^ 



t4-APR-03 IS:48. FROa-aasrBhaiD ffroup patents +01484 343877 T-913 P.0I4/0S7 F-98£ 

I 

9 

H^eroMUClear J-coirp lmff enrm iaiioa soectroscopv forhvperpolayisreti jMm pleR, ^^sip gr ip 
spectca of each smp species 

IdL a first embodioieol; desciibed witii reference to figures la-b, the ine(hcxl according to the 
inyentioft is ada pt ed &>rh^mxLaclearJ-cc idling coxzelatian spectroscopy^ using a ID NMR 
5 s>pectra for each NMR. active nuclear qpedes in t^^ 

This embodsment cf the iavsaitiozi relates to the problem of cotreladng heferaauclei by their 
scalar (J) coupling. Using hypetpolari?^ sangples, ordinary NMR techni£;[ues are not 
applicable for in vitro hetexomicledr shift correlation spectzoscopy, for ihe reasons stated 
above. Of special int^est b to conceMe coupHngs betweoi and *^C* and ibis embodiment 
10 wxU be descaSbed with and ^^C as anan-limitms ecxample. Other couplings, eg, betweei 

and are equally well able to be smdied. It is fiirfiier assumed that the ^^C nuclei are not 
enriched, i.e. their abundance is that which is naturally occaixiag {i-e. 1.1%). 

The nuclear spins axe first hyperpolazized in the solid state by using a suitable method, e.g. 

DNP. After dissolution/melting, two one^dimensiona] (ID) spectra are recorded, one for ea«;h 
IS of the two miclear spm species and "Ci whicii is depicted in PIG 1 a-b. Observed m the 

spectrum (FIG. la) are: a supeipositjloii of singlet peaks arising JBbom molecules lacking ^^C, 

and doubly symmetric about the singlet, that arise fiom the remaining xnolecule^ (14%). 

The splitting of the doublet is equal to the scalar coupling, Jch, between and ^^C. hi the 
13C spectrmn (FIG. lb) the resonances are split into n+1 peaks by a scalar coxqpling with u 
20 idendcal protons. This spEtdng is also equal to the scalar coupling, Jch, that is observed in the 

pnoton spectrum. Identifying -flbie same splits in the two different spectra win pm-point the 

prcrfnna that are scalariy coupled to a specific carbon. * 

The main step of performing the NMR specHoscqpy (b) m this embodiment co^qopxises the 
steps of: 

25 100:Recradafi]:^oa&-dimeQaoiialspectnim 
sample 

110: Record a second oue-dimsnsiotial speccrum for a second nuclear spin species (}^C) in the 
sample. 
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This embodiment of ihfi invention fulfils the reqiurement imposed by the hypopolaiization in 
that the pulse sequence only coniprisK one ptOse per NMR active nuclei. Hie time needed for 
the sipectroscopy step may be kept veiy short, pieferably less than lOs. 

The complete analysing process may preferably be automated and computer controU^ 



matctung of peaks (doublets) between the different spedra. 

FvperiTn gptal example 

« • 

15 OXOfiS was dissolved in HP002 to give a 15mM radical concentration. The solution wa§ 
dr^jped into liquid nitrogen md beads of ijjproxiniately 1 .5 mm diameto: were fbnned. ASer 
pokrizatton for 2 hours at 1.1 IC and 335 T using microwaves close to 94GK2; , the sample 
was dissolved in hot water in situ inside the polarizing unit. The fonned solution was 
ttansfisrred to a 5 mm NMR tube which was manually transported to a 9.4 T f^Jectrometer. 

20 Two consecutive onie-pulse spectra were recorded, one ^^Cnspectrum and one 'H-spectrum. 
Time between dissolution and detection was estimated to 13 sec. 

Due to the short relaxation time of in this expeiiment^ it will essentially only be ^^C that 
retaina its hyperpolaiized state at the time of detection. The proton spectrum wiU thus consist 
laainly of a that has bem polatized fhemally at the ambient temperature and field inside 
25 the detecdon magnet of the spectrometer. Due to dipolar couplings betivcen and ^^C there 
win be a transfer of longitudinal magnetizacion firom ^^C to 'H that can be attributed to the 
Nuclear Overhauser ESfect (NOE). This will affect only those molecules (1.1 %) that contain 

C, but it is nevertheless an observable effect in the proton spectrum because of the large 
imtial C polarization. The proton signal arising from the NOE will be in anti-phase with its 
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thennal eqaflibiium sigoal, which m iact sinqilifies Its interpretatioii of ttie ^ectmm. The 
doublet in FIG. la at 1175 Hz has a split of 1433 Hi and <lie doublet Hz a split of 

IfiJ. 0 Hz. In the ^jectnnn (FIG. lb) one observes a splitting of the signai due to tiie 
scalar coupling -with 'H, having n+1 peaks when the caiboB i$ coupled to n identical protons. 
la HG lb two "C triplets are observed, indicating a coupling to two identical *H for each '^C 
nucleus. At 6536 Bz a split equal to 143.3 Hz is obsetved and at 762 Hz a split equal to 162.3 
Hz. This ohservatioii leads to the conclusion ^ the at 1 175 Uz are soalaily coi^pled to tiie 
at 6536 Hz with a coT^jling equal to 143.4 Hz. A similar identification can be made for the 
other W^C pair. 



B^roimclear Shift CoTrolnfion Spectmsn rov fiirTTvp g^|aW^ 

Ja a second embodimeail, described with reference to FIG 2 a-b, the method accotdimg to the 
iivention is adapted for heteronoclear shift coirelation spectroscopy of a hypeipolrowed 
^mple. 

15 Selective deeoupHug can he used to ooiroiate chemical sihifls between hetero nuclei that are 
connected by scalar coupJiog <J coi5>ling>. The basic principle of the embodhnent is to make 
an an:^ of (selective) decoupling fieqiiencies in the domain of one of the nuclei and to 
observe the eSSect in the frequency domahx of ihe odier nuclei. 

The embodiment conqwises to selectively inadiate the icsonances of a spin species I, e.g. 'H, 
20 in Older to decouple them fiom a hetero meleus (spins S), eg. ^^C, and monitor the effect on 

« 

the gjedrum of die S nuclei- When the decoupler frequency coincides with tbe tesonance of a 
peak in the spaa I spccttmn, a coDapse of the splits of lesonances m the S spin spectrum will 
occur for those nndei to which it is scalady coiq>Ied. Two different approaches fer the 
decoi5>]i»g can be envisaged, one is to step die decoupler offset m smsdl iacxemejits through 
25 the entire spectrum ofthe I spins, and the other is to slq> the decoiq»IertbrCT 

fiequendes in the spectrum ofihe i spms. The efifect of Ihe de<»i^lmg, in fee spectmra of the 
S nucleus, will be monitored between two consectttive decouplings. In both ca8<^ a spectrum 
of the spins I will first he acquired hefore the decoiqsBng procedure takes place, hi die first 
approach information can be obtained from the residual couplings. The partial decoupling . 
30 leads to a scaling of the splitting of the multiplets in the S spin specUunv depending on the 
xesoaauce ofi&et This kind of ofT-resonanee decoupling has been used extensively to assiga 



I4-APR-03 15:80 FRffliKfiwrehain ffroup -patents +01484 5439-1 7-813 P-Olf/OST F-952 



12 

complicated ^^C spectra. The second approach requires an autoiiaatic Fourier tFansfoirDation 
of the FID arid a subsequent "peak-pickiDg" in otdexto ideadfy tli^ array of decoupling 
fiequencies ttxat iviU be used in the esqperim^at- 

Rtrthermore ibete are two di£Ekren2 methods of repeating the experiment for dififercnt 
5 droopier oflfeets- Li a first alternative of tbe esmbodiment, illustrated in FIG- 2a, a small flip 
angle c^pioacli is ijsed that oiables fbe experiment to l>e x^eated the required number of 
lim^ equal to the iengih. of the predefined array of decoupler firequ^icies. By use small fiip 
angl^ the hype^polarization will be> at least partly, pr^erved. The flip angles can optiuonaUy 
"be tailored so as to take relaxation into accDimt, and thus pro^de the same magnetizatian in 
10 the tmnsveE^e plane dnrins: each pycle. 




In a seco[nd alternative of the emhodiment;, iHustraied in FIG. 2b, a 90 degree pulse tnan^fiors 
the entize magnedzation of the S spins to the transverse plane, and a train of reEbcusing pulses 
(spin echo pulses) are then ec^loyed on the S nuclei that pxcdnces a train of spin echoes. 
During each spin echo a different decoupler fiequeucy is used and flie signal of the S spins 
15 can he monitocced. A series of spectra is thus acquired corresponding to fee difi^^ settings 
of tbe decoupler fiequency. When the transvwse reldxaiion time, T2, is loag the second 

alternative of the embodiment is to be preferred, whereas the first alternative has the 

advantage of not being so dqpendenr on a long T2. 



This method is however not restricted to monitoring the coupling between protons Mid gonly 
20 one species of spins S. If the saniple has a spin system consisting of additional hetero nuclei 
(e,g. as is fiequeotly the ca$e in organic molecules, the same manoeuvre can be 
performed jfor these nucldi, provided that multiply tuned MMR probes are available. The ^in 
echo pulse sequences for the different S nuclei can be perfbrmed dfher consecutively or 
simultaneously. A single-shot detection of the connectivities between protons and differeat 
25 nuclear s^^ecies then becomes possible^ 

The main step of performing the NMR spectroscopy (b) in this embodiment comprises the 
stqps of: 

200: Record a first spectra for the I nuclei (^H) that is to be decoupled; 

210: Perform a decoupHng procedure on the I spins and sirodtaneously monitor the S spins 
30 spectra by: 
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210:1 subjecfiD£ tii^ S nuclei to apulse sequence comi^risizkg of a first 90'' pulse 
ipyfajr^h frangferg -tUet gnriTfr w)9^^^'^^finr% r>f Tbft ^ spins tp title tcansverse plme, and 

a smbseguent train of refbcusbag pulses (spin echo p^ll3e5) During eadi spin echo a 
difi&tent decoapler frequency is u&ed aod the signal of the S nuclei is monit9ie<^ 
5 

or alteniativel3r: 

210:2 subtecting the S nuclei to apulse sequent comprising a plurality of small 
fi^ angle poises. The flip angle, maybe different for eacb pxilse. After eacb 
10 pulse a difiTerent deconplez^ j&equency is used and the signal of the S nuclei is 

momtoted. 

The main step of analysing (c) in the precept embodiment of the invention comprises the steps 
ofi 

220: Qsing the first spectra for the 1 nuclei to detennine frequency regions to be used in the 
15 decoupling pxocedine; 

230: eocxelatmg the effects of decoupling in a specific j&equency to the collapse of splits of 
tesonauces in the S spin spectnmi, whereby detemuning which I nuclei are scalarly coupled to 

. a specifiG S nudei. 

The pulse angle a may be cho&^n tp be the same in subsequent repetitions of the loop, or it 

m 

20 may be variable. For instance* the angle tx may be increased in each re^petition such that an 
equal amount of transverse niagnetizadon.i6 «:eated. Such a scheme would use the available 
magnetization most ef5ciendy« liie pulse angle is preferably increased according to a 
recursive formula, o<ni-l)===aicsin(exp(r/ri)*tai^ whoein r is the time between the 
excitation pulses and Ti is the lon^tudinal relaxation time. 

25 This embodiment of the invention jEiilfils the requirement imposd by the hypexpolacization. in 
that the pulse sequence only coruprises one 90° pulse per NMR active nuclei alternatively, 
a sequence of pulses widi small flip angles. The time needed for the spectroscopy st^ may be 
kept very shorty preferably less tjian 10s. 
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Multidimensional NMR spectroscopy has emerged as a powerful tool ffar (Aaractetirfng a 
molecule. As discussed above the pulse sequences commonly used in for exanqile 2D NMR 
spectroscopy are not suited for use vsilh hyperpolarized samples. Primarily, due to that the 
"standard'' pulse sequence uses a plurality of flip pulses, T?hile the hjpeipolarizatian is lost 
after only one flip pulse. la a diiid embodimeiil of the present invemian, described with 
leferenoe to FIG. 3 a-b, pulse seqoenoes adapted for the Iiypeipolarized condition wiU be 
described. The embodiment is exemplified wifli a sequence wMch gives a 2D q>ectia. but the 
method according to the present invoitiQii may readily be ad^ted to mnWdimensiona] NMR 
spectroscopy. 




i 0 A 2D analysis typically fcHow-s tlw •?7ell-inowjj exparimsata! scheme: «K"aiaii"T,- 
evolution- mixing- detection, in which the evolution phase starts with a 90° exchation pulse, 

and 180' poises are used in the later phases. Due to ^icquirements set by the 
hyperpolarization a smgle-scaa approach is inqiosed. In the foUowing a system confljrising 
spins S coupled to spedos of qmi IvriU be studied. Ihpractice aplwahty of spins S will be 
present, but in the discussion below only one spin S is considered. The: Hamilloman of the 
^ins system, with ^xos S and I is: 

with; 

Hy ^SgSg (La {fee rotating fisnss), 

20 The following observations win be of main importance in developing a method suitable for 
hypeipolanzed saoQ^Ies: 

1. Periods of evolutions interspersed by 180* pulses can be constantly described by using 
different times fw the evolution of the partial HamiUonians, Le. the density matrix at any 
given dme can be written: 

<^=«^[-^(H,r.+H„'^)]er(0)exp[/{H^r, +H^r^)] (3) 
and the measin-ed (complcsx) signal (S,) is equal to: 



(1) 
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Hie initial dsai^ty tnairixis dtiosen to te proportional to S^^hy applymg a 90° piilse on S 
aiOTnd Oy . All sobsequOTt piOses on S will be aromuX Ox, and will Aearefore not aSecl ibe 
fynnof <t{0). 

2. The effect of the vsiiloTis pulses (always 180*) is ihe following; 

3. During a pedod of ftee evolution betwe«i pulses^, bofii times increase, and by equal 

WlOWaxB. 

■ « • • 

4 . According to Eq.(4>, signaia coixesponding to opposite vatues of both times are complex 

conjugates. 

10 The prior-art metihods ntiKrfng a single scan, for exanaple as described in '^on-Cartesian 
sanapling scliemes and acquisition of 2D !MMR correlation spectra &Qm sing^scan 
experimeats" by L. Frydmai^ and J. P^g, Cahiem- Phys. Let., 220: 371-77, 1994^ bave not been 
adapted to address the requirements arismg fitan the use of a hypeorpo)aii2sd sample. In 
addition the prior ait methods iise tragecaz^^ t^^tj^ plane that do not jSuUy span the 

15 area of iutersst. Hence valiiable infcrznBtion may be lost in subsequent analysing steps. The 
pulse sequences accordifig to the embodmleat of 1h;e~pres^t i^rvsnticm are intended' to'iidly 
utilize the advantage afiforded by the hypeipolaix^ed sample as well as to use an efEciedit 
trajectory in the tg — plane. They are intended to produce a square array of observed points 
in a square portion of the two-time space, so as do get all peaks in pure absorption. 

20 First sequence of the third enabo diment: 

The fest alternative sequence of the embodiment takes advantage of point 4, in that when on© 
observes a point ibr ^ven values x&tis, ona do» not observe point with opposite v$!lnea of 
these timeSa and deduces its value ftom the complex conjugate of the former one. A time 
intenral 7 between the different points are choseo^ 3^ \ 

25 ftom — N to +N times tins miit time in botih dimensions, it is assumed that x>oints can observed 
not only between pulses but also just before and jusc after a pulse. The notation for a point pf 
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coordinates = '^./^ => is The seqa^ce coir^>rises th^ followii^ 

Ue included in the second main st^ <b) of die metbod according to the invention: 




300: Starting fi«ni tiie point (0,0). ^fh an 90' pnke on S, obsetve Ui-l points (ii) n 
to point ( N,N). 

305: Pecfonn a pulse I (i^ 1 80° on I), wiiidi leads to (N,-^J). 
310: Wait one time unit, leading to (N+l,-N+l). 

315: Perfonnap«1seIS (a 1 80" pulse on botiit and SX leading to (-N-l.-ig+l). 
320: Observe points i5> to (N-2J^. 
325: Perfijimapidser, leading to (N-2,-N). 
330: Obssrve points trp to Crvrl,-«-f-3). 
335; PerfonnapulselS, etc... 

resulting Whole tr^-ectozy is depicted in HG. 3a. After filling the holes according to point 
4.oneobtaimonlyI«lfftepointsofthegddin,l^fomiofafec^tered«^^ and 

the nusd^gone a« obtainedby int^polation froni 4 points, so as to get a square 

pointsextendingfio^-Nto+Nfor.3^dfion:-CN-l)to^-l)forr.(rha» 
observed points at the upp«r and lower edges). 

The total duration ofthesequenceis equal to J^(iV+l)^.Iffo,exam^ ivr-lOO.and* 

reasonable duration for&e sequence is, say. 1.5 s, which corresponds to r=150>^.thatis,a 

20 spectral width ^v=V(2.r)«1.06kHz. The value IW=^.„^.0l5 s yieldsa.spectral 
lesohitian ffKw 10.6Hz. 

The actual time of observation of the various points acoordmg to lias first sequence is fir 
longer than and since the relaxation decay is substantial during the whole sequence, 

one expects peak distortions in the final spectrum. In certain 
of the data will be needed. 



cases an ^^ropriate collection 



Second jiaqnenca nf fh«, thnd emTviH;TT.»„^ 

The second sequence of the third enxbodimenr aims tx> mal« observations in ^ ^hole grid in 
the plane. The feat five steps are the same as in the first sequence, leading to th. point 
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The sequence, ^^ch is to be included in the second main st^ (b) of the method 
according K> llie iiLVGixtLQii, coinpiises the steps of: 



300b: Starting from the point (0,0), with an 90" pulse on S, observe N4-1 points (ii) up 
topofflt(NJM). 
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(N-W. He sequence^ which U to be included in the second main step (b) of the mettod 
according to ttie invention, comprises the siep$ o£ 

300b:Starting from the point (0,0). ^th an 90' piUse on S. observe N4-1 points (ij 
to point ( NJ^- 

305b: Perfenh apiOse I a.e. 180* on I), which hads to (N,-N). 
3 10b: Wait one tune uni^ leading to CNr+l,-N+I). 
3 15b: Perfonn apnJse IS, leadine to (-N-1.-N+1), 
320b: Observe points up to (N-2,!N). 

340b: Peifenn a pnlse S, which reverses both time signs ioid leads to (-lM4-2,-N). 
345b: Observe points ^jd to ^ 'W-o^ 

350b: Perform a poise I Icadxos to (N,-l«-2). 
355b: Observe points np to (I*H,-N+3). 

360b: Patfonn a pulse I, leaffing to (-N-1.-N+31 etc. ..fr^^^^ , 




o«.a. wnen m „ is possible to ^ly a I puls^ leading to (-H-N) and observe 

pomts up to (0,0), thns completing the filling of the grid. Here ^gain, Ihe observation 

pomt being made at <pnte dififermt times and affected by dife,mt «laxatian dec«^ it 

would be necessary to tteat the signals so as to avoid distortions in their Fourier 
ti<aasfi>nns. 



20 The resulting trajectoiy is depicted in FIG. 3b- 

The duration of the second sequence is twice as long <ZN(N+1)) as the iirs.. ^ cause 
Ittobl«ns vrfth lelaxaiion. This problem can be addressed by using a time interval between 
observed pointe twice ahortsr than above. 

A'^^^^featureofbolhsequencesisthatfhe-W'imervalbetweenpon^^ 
25 t-^^dnnendons. and that lie number ofpoints is also the same, to within erne u^^ 

As regards to .he use of the specra. thus produced, aprefe^ed embodiment is to make 
^ of *hem: one by observing the spins S and one by observing the ^ins I. and to correlate 
to xe^ective chemical ahifb fiom the equafi^y of d.dr respective heteronuclear J values. 
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This ccrrelatioii is preferably ccaupnsed in the main analyzing step (c) pf the metttod 
according to the hrfontioj^ 

The eaoabodiment of the invention has been exemplMed with a sequence M^ch gives a 2D 
spectra, bnrfhe pulse sequence may be adapted to mnltidiniensional NMR spectroscc^y. In 
5 such an esxtension the time-space grid will be nmltrdimensional giving a multidmiensional 
flequency 5pace» when analysed 'wifh for example Fast Foinier TiransfiKms CFFT). As with 
the 2D case, caie should be taken to chose a ti^'ectory in the tinae-sjace gnd tto 
spans «lf parts of the space (area, volume, etc) needed for the analysis. 

gfrtp|l<^.,gh n^ difft wion weigh t?-4 se quences for hvpCTOolarized in vitroNMR. 

1 0 DiflEiifiion-weij^ited NMR spectroscopy is known to yield intftrmgtian about fear example 

Egand-protein interaction. However, using hyperpolaiized samplK, ordmaiy NMR tedbaoiques 
have, due to the previously discussed reason5> only limited applicability for in vitro division- 
wei^ted NMR spectroscopy. 

Li a fourth embodiment of the present invention the pulse sequeD?e$ suitable for dififiisian- 
15 weighted NMR ^ecttoscppy are adapted ftwr use on a hyperpolaiized sample. Similarly to the 

above described embodiments only one 90'' flip pulse is used, followed by a plurality of spin 

echo pulses in a single scan aqpproach. The use of multi-echo NMR sequences penniis the 
' acqinsitioa of several spectra with progressive diffosion attenuation during a single run of the 

sequence. Tins caiables for sample r^pid naeasurement of the 
20 hyperpolarized ligands in die presence of poteodal target molecules. 

]Oi£Ension-wexghted NMR has become a widely used m^tbodology- As one example^ division . 
of water molecules in tissue provides a contrast mechanism in Magnetic Resonance Xmaging 
(MRI) that is linked to tissue nucxostructure. Diffusion-weighted NMR spectro^dcopy can also 
lielp to identify the degrees of freedom of a molecule in solution. For instance, the difSision 
25 coef&cieal of a molecule is reduced upon adsorption of the molecule to a svirf^ or* to a 
macromolecnle« So-called I^jifiEusion Ordered Spectroscopy (DOSY) can thus yield 
infbnnation about li^uad-protem biadmg. 

A well Imown pulse sequence used for dlfiusion-rweagjited NMR spectroscopy is known as the 
pulsed gradient spin echo (PGSE) and U a 90''-x-1SO'*-t spin echo sequence with gradient 
30 pulses. Dui^pn and amplitude of the gradients detemunes the degree of di£Cusion weighting. 
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The PGSE sequence is «m several times with differs difiusion wgbting. The xeductioii of 
the individual q,m echoes versus dif6m«»nwei^tingp«rameterfa (a fcnction of gradient 
strength, duraiion and ttog) jddd the value of tiie diffusion coefficient D. 




For hypetpolarized samples, 90- pulses should be used with caution 35 they fl^ all the 
5 available inagoetization iirto the iransverse plane. But even if low flip angles are nsed. each 
nm Of the PGSB sequence wlH opjy yield one of several ^ pomts necessa^ for computing 
diffi^icm coefficient Therefiwe, i, is worth considering ^xoaches either based on small flip 
angles or on nwltiple re&cnsing of the magnetization diat yield €he same infimnation in a 
^Ste scan as several nms of the PGSE sequence ^ different difiusioa w^ghting. Such 
10 ^JimjacheswiU be exCTjph'fied below. 

A krown sequMce commonly toown as BURST is based on a tain of low ^ 

wW<2» a constant field gtsdieot is ^lied. A 180- pulse flips flhe magnetization, and a 
tnun of qm, echoes (again in thepiesence of flie same gradient) is lecatded. lie j-lh spin 
ectoiscausedbytfae(n.j-l)^pulse(withnbeingthetotalmmtoofi«^ The first 
sequence has been used suc««sfWJy to measure difiusian of a hypetpolarized species, fo. 
example hj^erpolarized "'Xe in different liquids. However, a disadvaniage of the sequence is 
fliat « compiomises the chemical shift information contained in fixe NMR spectrum. 

TTxerefbre. this sequence Aonid preferably by used oxdy fi^ di£5«ioa meas^^ 
single mtense peak is present in flie l^iMR gpectrmn. 

A sequence according to tWs embodiment which retains all chemical shift information is 
iUuslrated in FIQ. 4. a is a muffi-decoding extension of the estabhshed BPPSTE (bipolar 
pulse pair stimulated echo) sequence This sequence, like ihe above, creates a tiain of 
drfihsron-attenuated echoes. Unlike the first, however, no gradients a« appKed during the 
'-««^fi<>f'J«^TD,and,heohemicalshiftinfc.m^^^ 
25 sefamed. TMs permits the measurements of individual di^&si, 
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spectrum, which could be very use&i when &e s^ie contains e.g. several digereot 



r 
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30 comprises the step of: 



embodiment 
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^"^^ ' 405:" j^i^Sf phase, run only once per sequence which coji^Eises; 

405:1: a first 90" pulse; 
' 405:2: jgiplying a gradieat field with a first oiieatation;' 
405:3: a first 180* pidse; 
5 405:4; applying a gradient field with a second orientafion opposite the first 

* 

405:5: a second 90° pulse. 
410: ^MJi-edxo acquiation phase ttat wiD be lepeated n times compcimig: 
410:1 : a pulse vfiib a; 

410:2: applying a gradient fieH wifli a first oodoitation; 
10 410:3: a 1 80° spin-echo pols^ 

410:4: applying a gra^aot field with a secoad cndentaiion opposite the first; 

410:5: vecotdmg Oie FID; 
The main step of analysing (c) in the pcesent eanbodiineirt of the ioviaatioa conqaises the step 

of: 

15 420: The A recorded spectca, or a portion of Ihenk are compared, Fioro the attamation of flie 
spin echos a value of the di£5ision coefficient D is derived. 

The first 90" and 180" pulses (separated hy a time t> give nse to a spin echo at time 2t. 
Exactly at this time another 90» pulse is jqjpJied. The magnetisatioiiL is thus "stored" along the 
20 z-axis, i-eu fhe slate created after the second 90" pulse will be subject to Ti relaxaiion and not 
Ta lelaxation. This is particularly advantageous if T> is long. The bipolar gradient pair 
(symmetric witfj respect to the 180* pulse) pnyvides the "diSliston encoding". 



The loop displayed in the figure consists of a pulse of pulse angle a«90». followed by a 1 80^ 
puls^ and another bipolar pair of field gradients. The a pulse serves fb^ propose to sK^tly 

25 pemab the state created by the initial pulses. For the pmpose of repealing the loop by 

generaring more than one ecixo. it is important the flip aiglc be much smaller dian 90" in ardsr 
to leave sufficient magoeti^on in. the z-direction for the subsequent echoes. The pulse angle 
a may be chosen to be the same in subsequent r^etitions of the loop, or it may be variable. 
For instance, the angle a may b,e increased in each repetition such that an equal amount of 

30 t3cansveraB magnctizatioa Is created, and such lhat the last otpUlse is a 90" pulse. Such a 
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21 

scheme would use the avaaablemagnetizatiaa most e ISO^pulscfoUowuigihe 
a ptUse asam serves the pmpose of creating a spin echo. This spin echo is detected by the 
receiver of the NMR speciramcter- Ihe Fourier battsfoim of this echo yields the NMR 
spectnuix. 

5 The second bipolar gradient pair has fhcpmpose of "rewinding" the effect of the fim pair. 
TMs mearo that an ensemble of spins &at was de-phased uMer the influence of Uie initial 
gradient pulses ^ now «q«rience th« saxne amount of re-phasing. Hais, however, only 
applies for a static spin ensamble. If the spins have moved during the time betw^'the first 
and the second gradient pair, 2W «3iw to molecular diffiision, then the second gradienl pair 
10 '^""«^tftUycompensaic1i«d..phadng.Thus.thsa^^ 

accoidingiy, and the degree of attenuation will d^d on the gradient strength and duration, 
the NMRpiilse sequence timing (in particular /^^^^ and on the difiSisioa coefficients of lie 
imolear spins (i.e. the coaesponding molecules coniainii^g the NMR-^ensitive nuclear spins) 
This is aeprincipla of performing difiiision measurements nsing NMR. The cwiesponding 
^eak'» in 4e NMR spectrum win reflect this attenuation. If there is more than one NMR- 
"visible" molecular species m the sample, and if the different molecules have dififereat 
diffiision coefficients, then the coxresponding peaks in &e NMR spectrum wiU be att^mated 
to a Aflferent degree. Ihns, it is possible to distinguish species accoriing to th^ respective 
degree of difiusion. 

20 For sub.e^uent repetitions of the loop, the rdbvant time between applicatioa of the initial 
field gradient pair and the pair befbre reading out the cor«spondmg echo >«11 be greater than 

For the n-4h edio, &is time vrill be Ar= Aj^n- 1 ) A leading to a differ^t degree of 
attenuation due to molecular diffizaion. The difihaion coefficient can then be calculated fiom 
Ihe "envelope" of the NMR sigrwl mt^es of each peak in the specixnm plotted as a 

25 fimctioaofiin. 

As briefly mentioned above, the state created by the mitial 90M80-.90- pulses is also subject 
to so-called spin^lattice relaxation or T. relaxation. This needs to be tafeen into account when 
calculatmg the diSusion coeffident. If. however, T, is very long compared to the time scale 
of the NMR pulse sequence, then the atfenuation of the NMR signal(s) due to T, relaxation is 
30 negHgible, 
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I^^etxaatidn (>f the echoes is due to both T| lelaxatioii aad difiusion. ia order to 
distixigaislx the two mgchanispas^ the second $equeiice can be run twice — once wxtbont 
gcadients, and once with diffiisian gradleaits. A^xt Scorn serving as a lefecence scan &r the 
diSu&icn xnsasurement, the second sequence without gir^dimts can be regarded as a sin^e- 
S scan Ti measmrement as welL However, Ti relaxation times of hypeipolanzed species are 
readily obtained by a soies of low £lq>-an^e pulses. Iftiie second sequence is ishort enougjli to 
preserve some hypexpolaiized magnedj^ation^ the low flip-angle Ti sequence maybe run 
ixomediately following die second sequence. 

The hgand could be esoxiched in e.g. or in any position. The choice of posLtLon can be 
IQ zn^d^ pnr^sly tm ih& b^s of maxinadzing the local Ti relaxation timej. as the difElision constant 
of the entire ligand is a£fected ixpon binding to a target Indeed^ it may be fitvorable to choose 
a site of enrichment whose relaxation properties are not afi^ected when binding takes place. 
This relathre freedom in decidifig on esn<d3ment position is apotentia] advantage of the 
diSiision-based a^ses&ai^ of binding over other NMR methods that rely on dbanges in 
15 relaxation times or ch^nical shift and may dms suffer fix>m accelerate destruction of 
hyperpolarized magnetization duiing the measm^ment 

In the above embodiments a number of examples have been given of how to de^gn and ad^t 
pulse $equmces to ildly utilize the increased sensitivily a£K>rded by hyperpplaiization of a 
sample* As should he apparent &r tha sldlled man, other pulse sequences used in visno^s 
20 types of NMR spectroscopy and imaging also could advantageously be adapted m 

ways CO be used wjth hyperpolerized samples. Of special interest are the comparably rapid 
advanced !NMR methods that have leceatb/been suggested, fox exanq>]e as described in ^The 
acquisllion of multidimensional IQMR spectra within a single scau'^ by L. Fiydman et alp Fxac 
Natl. Acad. Sd.., 99:15858-62, Dec 10, 2002. This method uses an imaging gx^exA to 
25 partidon the sanoiples in a plurality (tens or hundreds) of spatially localized portions^ or slices. 
Each slice is s^ibjected to a single HMR scan, and the signal &om all slices ar^e monitored 
sunvltaneously. This gppxoach efEectivety compresses a multidimensional ^Kpedment into 

* « 

one scan and dramaticaUy reduces the measurement time. TJiis method, and other single dcan 
mediods^ represent major iinprovemmts regarding measurem^t time, but has a drawback in 
30 poor signai-to-noise ratio, requiring the use of highly sensidve instnnnents. In these cases the 
use of h>^etpolarized samples wdl be vesiy advantageous, as the increased si^al str^gth 
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fitnn die hypeq,oieriied saniple^give ^^seotial impiovemait in the dgnal-to-noise 
lario. Tte novel lapid mefliods need, as exemplified in the above embodiments, tomeetfbe: 
TsqmiKsasnts set by tiie hypexpolarization. 

mile ibe invemion ha, beai described m comection with what is presently considered to be 
5 the most practical ««i preferred embodimeotsjt is to be under^dfl^ the 

to be lunited to the disclosed ^bodiments. but cm the contraxy. is intended to cover various - 
^odiSc^oaa and equivalent arrangsnsits iad^ within the scope of flic fended clahm. 
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Claims 



5 



1. A tioelliod ofp tafuiAid jig Nuclear Majgnedc Resonance (NMR) spectroscopy on a 
Iiypetpolarized ^nrple, which method comprises Hie steps of: 
- hypetpolcirizmg a sample using DNP, when^ &e KMR active nuclei receive 
hyperpokn^^on; 



- p«c£>izDing NMR ^ectioscqpy oxk the sarnple vn^h the tise of sequence of if-pulses, 
wherdin the pulse sequences cconprises at least two repulses, either on the same nuclei or 
on difEeroit nuclei, wherein the pulse sequence is adapted fox a hypetpolarized 



sanxple^ or to obtHin an interna result to be used in the ISOMiR spectroscopy step. 

2. The NMR spectroscopy method accoiiding to claim 1, wherem the pulse seqaewe is 
adapted to the hyperpolarized sansple by using a single scan pulse sequence in which one 
initial 90" pulse is followed by a plurality of spin echo pulses. 

15 3. The i^MK ^ectroscopy xnethod accordmg to claim 1 ^ wherein the pulse sequence is 

adapted to the hjpeippUirized san^le by using repeated excitaticm pulses with small flip 
angles in order to maintain at least aporcLon of the hypeipolarizatiom after the initial 
excitation pulse. 

4. The NMR. spectroscopy method according to clahn 1» wherein the ilip angle^ oe, of the 
20 excitation pulse is varied during the pulse $eqnence. 

5. The KMR spectroscopy method according to claim I , wherein the flip angle, of Ijbe 



7. The JNMR&pectnsscopy method according to 

multidimensional NMR spectroscopy, which roethod conqncises: 

-a pulse sequence which corcprises pulses followed by evolution periods, enabling a 



1 A 




excitation pulse is essentially constant during the pulse sequence. 



25 



6. The NMBL spectroscopy tuethod according to claim 1, wherein the flip angle, cc is 
increased in each repetition such that an equal amount of transverse magnetization is 
created, and such that the last excitation pulse is a 90'' pulse. 
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mapping of a muWdhii^ond ti^e-^ace g^d, in which the time 
modulated by differ^it coupling constants, said pulse sequence being adapted to take into 
account the initial hsperpolarizsd qna state, and 

- a subsequent analysis of the multidimensional time domain data, wiiidi analysis 
comprises a ttansfonnatioii of the time domain data to frequency domain data. 

8. "I^NMRqjectroscgpy method according to clai^ 

space is explored through aH^ecioiy that spans aH parts of fee time space that pmvide 
essential infoxmation used in subsequent analysis. 

9. TheNMRspectioscopymeliM,daceordinetoclaim9,wheremthemuM 

spac e is two dimenstonal and the tr^eetoiy is presem in an quadras 
plane. 

10. IHe NMR spectroscopy method according to claim 1 , ydi^ the ^ectioscopy step 
conopnses: 
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"diog a festonMinxensianal spectrum (100) for a first nuclear qrin species in fhe 
15 sditkple; 

- recording a second one^iimensional spectrum (1 1 0) for a second nuclear ^in species in 
the sample; 

and st^ of onalyzins campdse the steps of: 

- identi^s (1 20) in the first spectra singlet peaks and corresponding doublets; 

- conelating (130) peaks or groins of peaks in the two specttaa by ooinparing 
identif3dng fee same i|pUtt5n& whereby detenninins which first unclear spin species ^ 
scalarly coi5»led to a specific nuclei of the second nuclear spin species. 

11. The NMRspectroscopymethod according to cJaim 1. wherein the spectroscopy step 
compiises: 

- recording a fest spectrum (200) for a first (?) nuclei liat is to be decoi^led; 

- perfbnning a decoupling procedure (2 1 0> on dxe ficst nuclear spin species (D spins and a 
simnltaneously monitoring of a second nnolear spin spedes (S) by: 

- subjecting ae second spin species (S) to a pulse sequence (210:1). which sequence 
comprises a first 90* pulse which transfers the entire magnetization of &e S spins to the 
transverseplane; and a subsequent train of refocusing pukes (spin echopulses). during 
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whi<^ team of refociising pulses a different a^bup1&m>qaeixcy is used dming each 
refocusing piilse. 

12. The NMR spectroscopy method accoidiog to any of claims 1-1> wherein the spectzoscopy 
st^ conzpiises: 

5 - recording a fiist spectnmi (200) for a first CD nucl^; that is to be decoupled; 

" p&cSoaaSng a decoiqslmg procedure (210) on titie first nuclear spm species Q) spins and a 
simidtaseously monitoiing of a second nuclear spin species (S) by: 

- subjecting Ae second spin specie (S) to a pulse seqpirace (210:2), whii^ seqaaice 
compiises aplmality of small flip angle pulses. 

10 13. The NMR spectroscopy method accordiDg to m.y of clainis 1-1, ^ejcein the pulse 
sequence is a dijEfiision weighted sequence adtqsted for a hypeipoladzed saoople. 

14. The NMK. ^ectroscopy method according to any of claims S-lOj, wherein the pulse 
sequence in performed on a hypeaipolarized sample which comprises a jQrst nuclear spin 
species (I) ^nd a second nuclear spin species (S), the pulse sequmce comprises the &tep of: 

15 - (300) starting from the point (0^,0), with an 90* pulse on S, observing N+1 points (i^) up 

to point (NJJ); 

- (305) performing a ptulse I (i.e. 180^ on I), which leads to (N,-N); 
" (310) waiting one time unit, leading to (N+I9-N+I); 

- (315) performing a pulse IS (a ISO* pulse on both I and S), leading to (-N-U-N+1); 
20 - (320) observing points up to (N-2»N}; 

- (325) performing a pulse I, leading to (N-2,'-N); 

- (330) observing points up to (N-M,-N+3)- 

1 5. The MMR spectcoscopy method according to any of claims S-IO^ wherein the pulse 
sequence in perfomted on a hyperpoladzed sample which comprises a JSnst nuclear :9pin 

25 species (I) and a second nuclear spin species (S)^ the pulse sequence composes the st^ 
o£: 

- (300b) starting from the point (0,0), with an 90* pulse on observing N+1 points (iJE) up 
to point ( N,M); 

- (305b) performing a pulse I G,e.- ISO*^ on X), which leads to (N,-K); 
30 -(310b) waitmg one tune umt, leading to CN+1,-N4-1); _ 
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- (315b) perfoiroing apulse IS (a 1 SO^ pxils^ on both I and SX leading to (-N-l,-N+l); 

- (320b) observing poiats up to 

- (340b) perfoimiDs a pulse S, which r^erses both time dgns and leads to (-N^^2,-1M); 

- {345b) observing points up to CN;N-2); 

- (350b) performing a pulse I leading to 0N,-N+2); 
(355b) observing points up to (N+],-N+3). 
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Abstract 

Hie pzBseaii invention relates to methods of p^oaming Nuclear iVdagnetic Resonance (NMR) 
spectroscopy ad^ted for a hypeipolaxized sample. The methods corctpnse the st^s of: 

5 hyperpolarizing a sanqile using DNP, wherein at least a portion of the NMR active nuclei 
recdves faypopolariz^on; performing "NMR spectroscopy on the sample with the use of 
sequences of repulses, xvherein the pulse sequi^c^ corcqnises at least two rf-puis^ eiiher on 
th& same nuclei or <m difiterent rtnclci, and wherein the pulse sequi^ce is ad^ted for a 
hypeipolarized sample; and analysmg si least two of the I'^MR spectra to obtain a 

0 cheracteaization of the ssmplo, or to ohtein im internrp result to be used in tfie NMR 
spectroscopy step. 

Fig. Zb forpublicadoa 
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